INTRODUCTION
Food webs are reticulate representations of who-eats-whom interactions. Yet, dissected food webs reveal a basal architecture of simple, connected trophic modules (Holt 1997 , Milo et al. 2002 . These simple modules facilitate the study of complex food webs by representing the basic, distinct types of trophic interrelationships. In a multi-trophic, three-species food web, interactions can be arranged into distinct modules, three of which we consider here: (1) the food chain, where energy is transported up trophic levels; (2) exploitative competition, where two consumers compete for a common resource; and (3) omnivory, where the predator both preys upon and competes with the consumer ( Fig. 1 ; McCann 2012). These simple theoretical modules represent fundamental units of complex food webs.
In food webs, the frequency of these different trophic modules within larger food webs varies . Of the three-species modules in food webs considered here, omnivory has been shown to be over-represented; that is, it is detected more often than expected by chance ). Yet, some contention about the prevalence of omnivory persists because the modifying influence of interaction strength (the likelihood of a predator consuming a resource) also needs to be taken into account (Milo et al. 2002, Williams and Martinez 2004) . In general, however, feeding on more than one trophic level seems ubiquitous across terrestrial and aquatic food webs (Winemiller 1990 , Hall and Raffaelli 1991 , Polis 1991 , Arim and Marquet 2004 , Thompson et al. 2007 ), likely because omnivory, when interaction strength is weak, removes energy from consumer-resource interactions that have the capacity for large fluctuations (McCann 2012) . While many theoretical (Holt and Polis 1997, Vandermeer 2006 ) and empirical studies (Fagan 1997, Holyoak and Sachdev 1998) have explored how omnivorous interactions can stabilize (here stability is defined as an increased likelihood of persistence) food webs by muting population increases and decreases (reviewed in Kratina et al. 2012) , there is reason to hypothesize that individual growth rates and their variability can also influence stability through a reduction in interaction strength.
Ecologists are increasingly recognizing the importance of individual variation on food webs. Although historically considered ecologically equivalent, conspecifics can express differences along several trait axes-behavior, reproduction, habitat preference, and diet all which can vary among individuals of the same species (Bolnick et al. 2011 ). Intraspecific variation is in fact common in ecosystems; Bolnick et al. (2003) found evidence for individual specialization in 93 separate species and it can alter interaction strengths in food webs (Svanb€ ack et al. 2015) . Bolnick et al. (2011) identified several mechanisms that have the capacity to modify food web interactions: Jensen's inequality, adaptive eco-evolutionary dynamics, trait sampling, and increased degree. Here, we focus on increased degree, that is, the concept that trait variation changes the strength and number of interactions in a food web. In food webs where predator-consumer interactions are determined by body size, greater variation in size of the consumer increases the range of acceptable prey sizes and consequently the number of species the predator attacks (Roughgarden 1972 , Bolnick et al. 2011 ). This mechanism acts to decrease interaction strength by Fig. 1 . Five treatments in the experiments. We constructed the different treatments (four food web modules + control) by adding of phytoplankton subsidies and/or manipulating the mesh size of the Nitex mesh sleeves. The predator, P, is a blue mussel; the consumer, C, is Artemia; and the resource, R, is phytoplankton. Opacity is used to denote an interaction that was removed by experimental manipulation. (a) Control microcosms only contained Artemia and phytoplankton. (b) Consumer-resource microcosms received phytoplankton subsidies, and mussels were placed in a 250-lm mesh sleeve. (c) Exploitative competition microcosms received no subsidies, and mussels were placed in a 250-lm mesh sleeve. (d) Food chain microcosms received phytoplankton subsidies, and mussels were placed in a 1000-lm mesh sleeve. (e) Omnivory microcosms did not receive subsidies, and mussels were placed in a 1000-lm mesh sleeve.
increasing the connectivity ("increased degree") among species in the food web and decreasing the strength of pairwise links. Simply stated, because predator body size is so strongly linked to prey size, more variation of consumer body sizes results in more variation in predator-consumer interactions. The magnitude of growth rates can also influence interaction strength. Because growth rates govern the availability of prey size refugia, consumers with high growth rates could outgrow their predators, thereby reducing predator-consumer interaction strengths (Chase 1999) . These weak interaction strengths act to dampen oscillations between predator and consumer. This tends to maintain population densities further away from zero, decreasing the statistical chance that a population will become extinct, which increases stability (McCann et al. 1998) .
Magnitude and variation in body size can be induced stochastically, genetically, or by the environment (Bolnick et al. 2011) . In this paper, we explore how the environment in the form of different tri-trophic food web modules affects (1) the growth rate of the consumer and (2) the variability of these growth rates to understand how both can ultimately influence food web stability. Because growth rates determine body size, we used growth rates as an indicator of body size (Berges et al. 1990 ). We experimentally constructed the three three-species food web modules-exploitative competition, food chain, and omnivory-and assessed the growth of the consumer and the variability of these growth rates in each of the modules. We used a blue mussel, zooplankton, and phytoplankton system to build the modules (Fig. 1) . Here, both the mussel and zooplankton feed on phytoplankton, while the mussel has the capacity to consume zooplankton. The blue mussel is an omnivore with an equal preference for phytoplankton or zooplankton irrespective of their relative densities; however, as blue mussels grow, they can accept a wider size range of zooplankton (Granados et al. 2017) . To complete the experimental design, we also created a consumer-resource module by effectively shutting down interactions with the mussel as a predator or competitor in the three-species interaction web. We assessed the growth of the consumer, here zooplankton, in each of the food web modules using RNA:DNA ratios (Dagg and Littlepage 1972, Johannsson et al. 2009 ). We expected that magnitude and variation in growth rate would vary among the different treatments. Growth rates should be smallest in the consumer-resource interaction and the exploitative competition modules, where competition between zooplankton and the mussel, and competition between the two consumers should limit growth rates. In the food chain and omnivory modules, individual consumers should benefit from reduced intraspecific competition due to predation. We expect that variation in growth rates should be higher in the food chain and omnivory modules, where sizeselective predation by mussels could drive a bi-modal distribution of zooplankton sizes and spatial variation in the availability of the resource drives variation in consumer growth rates.
MATERIALS AND METHODS
We manipulated the consumption of the resource by the consumer as well as the consumption of the consumer by the predator to produce four food web modules: omnivory, food chain, exploitative competition, and the consumer-resource interaction plus a control containing only the consumer and resource (Fig. 1) . Together, they comprise five treatments.
We performed two sets of experiments lasting six hours and 24 h to assess differences in response between the two time periods. Five hours had been previously shown as the minimum time required to detect differences in RNA:DNA ratios (Vrede et al. 2002) , while other studies have found 24 h is required before treatment difference is translated into differences in RNA:DNA ratios (Gorokhova 2003 , Speekmann et al. 2006 , Gusmão and McKinnon 2009 . We thus selected six and 24 h to ensure detection of growth differences. Each experiment was conducted in a series of trials (temporal replicates): three for the six-hour experiment and four for the 24-h experiment. Each trial contained three replicates for each treatment. In the 24-h experiment, the food chain module resulted in the extinction of the consumer; consequently, only four treatments are presented for that experiment.
Experimental set-up
Fifteen microcosms were constructed from 15-L round plastic containers filled with 8 L of UV-treated, filtered seawater. Each microcosm was inoculated with combinations of (1) Artemia franciscana N2 nauplii (henceforth: "Artemia" or "the consumer"), (2) a non-axenic strain of the flagellated alga Isochrysis galbana (mean cell diameter 6.1 lm; Prymnesiophyceae, henceforth "phytoplankton" or "the resource"), and (3) a single planktivorous blue mussel, Mytilus edulis (shell length range 51 AE 2 mm [SD, standard deviation], henceforth "the predator"). Artemia eggs (Artemia International, Fairview, Texas, USA) were kept in a refrigerator at 5°C and then decapsulated and hatched in 10-L glass aquaria with aeration. The hatched Artemia were kept in the aquaria for 96 h before the start experiment to obtain N2 individuals and without food to deplete their yolk reserves (Reeve 1963) . Artemia are filter feeders that use setae on their swimming legs (phyllopods) to capture particles (Criel and Macrae 2002 ). Blue mussels are also filter feeders that can adjust their filtration rate depending on the concentration of particles in the water, where higher concentrations elicit higher filtration rates. Blue mussels can accept particles in the range of 1-1000 lm, although their highest retention efficiency is at 3 lm (Gosling 2003). While maximum filtration rate is related to mussel length (Gosling 2003) , the small variance in the size range used in the experiment does not introduce an effect of size. Isochrysis galabana was obtained from NutrOc ean and cultured in 40-L vessels with aeration, while blue mussels were obtained from an aquaculture farm (Baie-des-Chaleurs, Carleton, Quebec, Canada).
Each microcosm received an initial inoculation of 200 Artemia individuals/mL and 100,000 phytoplankton cells/mL. These densities gave Artemia sufficient resources to grow but kept them below the threshold density that would arrest mussel filtering (Evjemo 1999) . Experiments were conducted in chambers at 18°C without light to avoid stimulating phytoplankton growth and altering Artemia swimming behavior.
Food web modules
We constructed the different food web modules by manipulating the trophic link between the predator and the consumer using Nitex mesh, and/or the trophic link between the predator and the resource by adding subsides, except for the omnivory food web module where they remained intact (Fig. 1) .
Consumer-resource.-Both predator-consumer and predator-resource trophic links were removed by placing the predator in a 250-lm sleeve and adding resource subsidies, respectively (Figs. 1b, 2) . Because the average length of N2 nauplii in our experiment was 650 AE 40 lm, enclosing the predator in a 12 9 8 cm Nitex mesh sleeve with width of 250 lm stopped the consumer moving through the sleeve and being eaten by the predator. The addition of phytoplankton subsidies allowed us to remove the competitive interaction between the predator and the consumer by adding back the phytoplankton resource removed by the predator. For logistical ease, every three hours we determined the concentration in the microcosms using a Neubauer hemocytometer and added cells from the phytoplankton culture vessel. Additions were volumecorrected to bring the phytoplankton densities back to starting conditions. Because the amount of resource removed by the predator is much larger relative to the consumer, the addition of subsidies allowed us to remove the competitive interaction between the predator and the consumer by adding back the phytoplankton resource removed by the predator (Gosling 2003) .
Exploitative competition.-To create the exploitative competition module, we allowed the ❖ www.esajournals.orgpredator to consume the resource and did not add subsides, but we removed the predator-consumer trophic interaction by placing the predator in the 250-lm pouch (Fig. 1c) .
Food chain. -We created the food chain modules by providing phytoplankton subsidies to remove the predator-resource interaction, and to allow predation on the consumer, we placed mussels in a 1000-lm sleeve, which allowed the infiltration of Artemia while controlling for the possible effects of a sleeve on the predator (Fig. 1d) .
Omnivory. -For the omnivory module, we did not manipulate any trophic links. Omnivory microcosms did not receive subsidies, and mussels were placed in a 1000-lm mesh sleeve (Fig. 1e) .
We added an additional control treatment consisting of only Artemia and phytoplankton in the microcosm (Fig. 1a) . The inclusion of the control treatment allowed us to determine whether the trophic manipulations were successful by providing results in the absence of the predator. For all modules, mussels were transferred to sleeves in a basin with filtered seawater 24 h prior to the experiment to allow acclimation to conditions.
At the end of each trial, we removed the mussel and took a 10 mL subsample of water to determine final phytoplankton densities. Subsequently, the contents of the microcosm were filtered through a 64-lm sieve and the filtrate was transferred to a 45-mL Falcon tube. We determined the number of Artemia remaining in the microcosm using a 15 mL subsample, used as a proxy for quantifying predation on Artemia. A second 15 mL subsample was taken, transferred to vials, and stored at À80°C to determine RNA:DNA ratios.
Individual growth rates
We quantified growth in the consumer by determining the RNA:DNA ratio in Artemia individuals across the treatments for both the sixand 24-h experiments. Because RNA is required for protein synthesis, the concentration of RNA in tissue is an index of cell growth (Speekmann et al. 2006) . To make comparisons among modules, the total amount of RNA must be normalized to a measure of cell size. Since the amount of DNA is constant per somatic cell, the ratio of RNA to DNA is an estimate of the magnitude of protein synthesis in a cell and ultimately the growth rate of the organism (Vrede et al. 2002 , Johannsson et al. 2009 ). RNA:DNA ratios are an excellent method to obtain a measure of growth rate for short-term experiments because RNA synthesis occurs on a short time scale and thus responses to different treatments can be detected in as little as five hours (Vrede et al. 2002) .
Twenty-four hours prior to the RNA:DNA analyses vials with Artemia individuals were transferred from the À80°C freezer to a À20°C freezer. To prevent the degradation of the RNA in the samples, we added a volume of RNAlater-ICE (Ambion, Waltham, Massachusetts, USA) that would to cover each tissue sample.
Three Artemia individuals were removed from each vial representing each food web module replicate and transferred to micro-centrifuge tubes. We repeated this three times for a total of nine micro-centrifuge tubes for each module and each trial. We used the mean across the nine micro-centrifuge tubes for each module to avoid pseudoreplication. We then added 350 lL of 19 TE buffer and homogenized the sample with a pellet mixer (see Vrede et al. 2002) . Samples were incubated on a shaker table for an hour and then transferred to a black 96-well plate. We added 100 lL of RiboGreen reagent solution to each well and allowed it to incubate for an additional 30 min. The RiboGreen solution binds with RNA and DNA in the sample and fluoresces when excited by a mercury lamp. The fluorescence is subsequently converted to concentration using a standard curve (Vrede et al. 2002) . The RNA and DNA standards were added to the 96-well plate and processed in tandem with the samples. Fluorescence was measured on a spectrofluorometer with a 96-well plate reader (Synergy I; BioTek, Winooski, Vermont, USA). After the fluorescence measurements, 25 lL of RNase solution was added to each well to degrade the RNA in the sample to measure the concentration of DNA remaining. Samples were incubated for an additional 30 min, and the plate was re-read.
Statistical analyses
One-way ANOVAs were performed on the final phytoplankton and Artemia densities, and on the RNA:DNA ratios, with a Tukey honest significant difference (HSD) test for pairwise comparisons. A linear regression was used to determine the relationship between the RNA and DNA standards and fluorescence for the ❖ www.esajournals.orgstandard curve. We calculated the variance (spread of the points from the mean) in RNA: DNA ratios for each module using data pooled across all of the trials for the six-and 24-h experiments. In the calculation of the variance, each microcosm in each trial serves as a replicate. To ensure the differences in variance were not an artifact of the size of the mean, we also calculated the coefficient of variation for each treatment. We performed a Bartlett's test for homogeneity of variance to determine whether the variances were significantly different across treatments. For the six-hour experiment, we removed the omnivory module to perform the Bartlett's test as there was insufficient replication, owing to loss of replicates. All statistical analyses were performed with R (R Core Team 2016). Because experiments were conducted in a series of trials, to retain independence for statistical analyses, we averaged Artemia density, phytoplankton density, and RNA:DNA results within each module for the three 6-h experiments trials and for the four 24-h experiment trials.
RESULTS
After averaging, we had a total of three replicates for each control and module for the sixhour experiment, and four replicates for each control and module for the 24-h experiments. For the 24-h experiments, we removed the food chain module from subsequent analyses since the mussels consumed all the Artemia.
Phytoplankton
Six-hour experiment.-Adding phytoplankton subsidies to form the consumer-resource and food chain modules resulted in no significant difference in final phytoplankton densities between the control and the consumer-resource module (Tukey HSD, P = 0.07; Appendix S1: Fig. S1a ) and a significantly higher density in the control treatment and the food chain module (Tukey HSD, P = 0.04; Appendix S1: Fig. S1a ). We observed significantly lower final phytoplankton densities in the exploitative competition and omnivory modules relative to the control (Tukey HSD, P < 0.01; Appendix S1: Fig. S1a) .
24-h experiment.-We found a significant difference between final phytoplankton densities in the control and the consumer-resource, exploitative competition, and omnivory modules (Tukey HSD, P < 0.01; Appendix S1: Fig. S1b ). Among the manipulated modules, the final phytoplankton density was significantly higher in the consumer-resource module (Tukey HSD, P < 0.01; Appendix S1: Fig. S1b) . We did not detect a significant difference between the exploitative competition and the omnivory module (Tukey HSD, P = 0.99; Appendix S1: Fig. S1b ).
Artemia
Six-hour experiment.-Given that predation could proceed in the food chain and omnivory modules, final Artemia densities were significantly different from the control (Tukey HSD, P < 0.001; Appendix S1: Fig. S2a) . However, the consumer-resource and exploitative modules were not significantly lower (Tukey HSD, P = 0.998; Appendix S1: Fig. S2a ). There was no significant difference between the food chain and omnivory modules (Tukey HSD, P = 0.755; Appendix S1: Fig. S2a) .
24-h experiment. -Similarly, we found significantly lower Artemia densities in the omnivory treatment relative to the control, consumerresource, and exploitative competition modules where predation could proceed (Tukey HSD, P < 0.001; Appendix S1: Fig. S2b ). We found no significant difference in Artemia densities between the control and the consumer-resource (Tukey HSD, P = 0.859; Appendix S1: Fig. S2b ) or exploitative competition modules (Tukey HSD, P = 0.998; Appendix S1: Fig. S2b ).
Individual growth rates
Six-hour experiment.-Over the course of six hours, we were unable to detect any differences in Artemia RNA:DNA ratio between the different modules considered including the control (Table 1, Fig. 3a) . Variance was highest in the exploitative competition module but was relatively similar across the other modules (Fig. 4a , Bartlett's test P = 0.136).
24-h experiment.-In the 24-h experiment, we found that the Artemia in the omnivory module had significantly higher RNA:DNA ratios relative to those in the other modules and the control (Tukey HSD, P < 0.001, Table 1 , Fig. 3b ). We found no differences in the Artemia RNA:DNA ratio between consumer-resource, exploitative competition, and control modules. Variance was significantly higher (Bartlett's test P < 0.001), and the coefficient of variation was three times higher in the omnivory module (Fig. 4b) .
DISCUSSION
The algal and Artemia final densities demonstrate we successfully generated conditions that emulate the four food web modules and the consumer-resource interaction that appears within each of the food webs. Our results are consistent with previous studies that found 24 h or more are required to detect changes in RNA:DNA ratios; consequently, we use only the 24-h results to draw conclusions about stability (Gorokhova 2003 , Speekmann et al. 2006 , Gusmão and McKinnon 2009 ). In the 24-h experiment, while the final phytoplankton density in the consumerresource interaction was significantly lower than in the control, the density was still significantly higher than the two other food web modules where subsidies were not provided. The extirpation of Artemia in the food chain microcosms was likely facilitated by the addition of algal subsidies, which increases the density of particles in the water, and consequently the filtering rate of mussels. Although the addition of the subsidies may have altered the predatory interaction, the consumer did experience reduced competition simultaneously with predation from the omnivore in the food chain module. Given the consumer was the focus of the study, the behavior of the omnivore may be negligible since the consumer was effectively experiencing food chain conditions.
Magnitude of growth rates
The 24-h results suggested that growth was greatest in the omnivory module. Although Artemia in the omnivory module was subjected to simultaneous competition and predation, at the individual scale the predation by the mussel on Artemia likely reduced intraspecific competition. Laboratory experiments with Artemia and the diatom Phaeodactylum tricornuum suggest that Artemia filtering rate increases with decreasing Artemia density (Braun 1980) . Artemia here may be responding to physical or chemical cues from the mussel or conspecifics and increasing their filtering rate to escape predation by size refugia (Balcionas and Lawler 2011) . Increased filtering coupled with higher resource availability, due to decreased intraspecific competition, likely led to higher RNA:DNA ratios, a proxy for higher growth rates (Vrede et al. 2002) . Other studies have also detected higher RNA:DNA ratios in arthropods in response to increased food availability or quality (Vrede et al. 2002 , Speekmann et al. 2006 , Gusmão and McKinnon 2009 .
Variation in growth rates
Variation in RNA:DNA ratios was relatively constant across the modules, with the exception of the omnivory module in the 24-h experiment where variance was significantly different (Fig. 4b) . This result could be driven by sizeselective predation by the mussel predator and variation in the availability of the resource. Because mussels are filter feeders, their inhalant siphons will accept a range of prey sizes but will be most efficient at filtering median sizes that are not too small or too large to escape predation (Davenport et al. 2000 , Gosling 2003 , Lehane and Davenport 2006 . This size preference could be driving the observed variation by generating a bi-modal distribution of consumer sizes. Since smaller consumers grow relatively more slowly than larger consumers, size-selective mussel predation is a plausible explanation for the observed results (Berges et al. 1990 ). We acknowledge that our argument could have been considerably strengthened by the availability of data from the food chain module, where the same rationale would apply. The low resource availability in the omnivory module (Appendix S1: Fig. S1b ) may also contribute to the high variation in growth rates. Low resource density and large density differences between the start and end of the experiment facilitate Fig. 3 . RNA:DNA ratios for each module and control at the conclusion of (a) the six-hour experiment and (b) the 24-h experiment. We found no significant difference between modules in the six-hour experiment (Table 1) . However, in the 24-h experiment RNA:DNA ratios were significantly higher in the omnivory module (Tukey honestly significant difference, P < 0.001). Letters indicate significant differences, and error bars indicate standard error.
higher resource spatial variation in the mesocosm. This spatial variation can also generate variation in consumer growth rates as some individuals will have access to resources while other consumers will not due to patchy distribution of the resource leading to a similar bi-modal distribution. Further, if consumers are moving toward resource patches, it increases the movement rate of the consumer and thus encounter rate with the mussel (Gurarie and Ovaskainen 2013) . This has the effect of magnifying the selective predation response and may help explain why variation in growth rate was not high in the exploitative competition module despite the low resource density at the end of the experiment.
Implications for stability
Theoretical and empirical studies of food webs have consistently found omnivory to be a module that can confer stability to food webs (Kratina et al. 2012) . Our study expands on this notion in that it suggests that omnivory in food webs may confer stability not only at the population scale but also at the individual scale. Individuals with higher growth rates may benefit from the advantages conferred by a larger body size including The upper whisker extends from the hinge (i.e., top/bottom of the box) to the highest value that is within 1.59 IQR of the hinge, where IQR is the inter-quartile range, or distance between the first and third quartiles. The lower whisker extends from the hinge to the lowest value within 1.59 IQR of the hinge. The variance was homogenous across treatments in the six-hour experiment (Bartlett's test, P = 0.136), but not in the 24-h treatment (Bartlett's test P < 0.001).
faster movement and higher dispersal rates (McCann et al. 2005) , producing more and larger offspring (Blueweiss et al. 1978 , Peters 1986 . A larger body size can also facilitate escape from predation (Chase 1999) . Because predation is so strongly linked to the size differential between predator and consumer, the advantages of higher growth rates may translate into weaker interaction strengths between predator and consumer as the consumer outgrows or outruns predation. While the magnitude in growth rates may decrease interaction strength, it is likely that variation in growth rates may have an even greater impact on stability.
Examinations of real food webs reveal that intraspecific variation can facilitate coexistence in food webs (Lichstein et al. 2007 , Clark et al. 2010 . More variable species, whether in body size, reproduction, diet, or behavior, increase niche width, which can act to reduce intraspecific interactions (Bolnick et al. 2011 ). In a model where intraspecific individuals varied in foraging, anti-predator defense, and natural mortality, DeAngelis (2013) found this variation facilitated the persistence of the consumer in a food chain. In food webs where prey vulnerability is a function of body size, as in our food web, variation acts to reduce predator-consumer interaction strengths. Variation in consumer growth rates, here in Artemia, produces consumers of differing sizes. This variation renders only a portion of the consumer population vulnerable to predationsome individuals will be too small to be captured, others too large (Emmerson and Yearsley 2004, Allesina et al. 2008) . Consequently, the overall interaction strength between a single predator species and the consumer is reduced.
Weak interaction strengths are crucial to stability. McCann et al. (1998) demonstrated that weak interactions dampen oscillations that can increase the likelihood that a population will reach a density that is liable to go to extinction. Thus, both the magnitude and variation in growth rate can increase stability through a reduction in interaction strength and greater connectivity where heterogeneous resources are vulnerable to more diverse predators and consumers. Our study demonstrates that omnivory can potentially increase stability in food webs by increasing intraspecific variation and decreasing interaction strengths, a mechanism that has received much less attention than the well-studied increase in stability through the dampening of population oscillations (McCann and Hastings 1997 , Kratina et al. 2012 , Wootton 2017 . These results also further bolster the importance of intraspecific variation in community dynamics and call for further integration of this idea in empirical and theoretical studies of food webs.
